ABSTRACT
INTRODUCTION
The ability to introduce DNA into cultured cells has provided a powerful tool for studying gene expression and regulation (2) . Effective procedures for transfection of mammalian cells include the use of DEAE-dextran (13) , calcium phosphate (CaPO 4 ; 9), liposomes (5) (6) (7) 10, 16) and electroporation (14, 15) . Although CaPO 4 -mediated transfection was one of the earliest methods developed, it remains the procedure of choice for many researchers because of its simplicity and low cost. There are many subtle variations of this method, but in each procedure the plasmid DNA is mixed with a calcium solution in a phosphate buffer to form a precipitate containing the DNA. The CaPO 4 -DNA complex adheres to the surface of the cells to be transfected and is then taken up into the cells by endocytosis.
Although the CaPO 4 -mediated transfection method is widely accepted by researchers, in some cases it produces unsatisfactory results due to relatively low transfection efficiency and poor reproducibility. The efficiency of the procedure for transfecting mammalian cells can be improved by incorporating additional steps such as glycerol or dimethyl sulfoxide (DMSO) shock, but these procedures are too harsh for many cell types and may cause cell death. We have developed an alternate method for increasing the efficiency of CaPO 4 transfections that utilizes an enhancing reagent termed CalPhos Maximizer ™. Use of this reagent in conjunction with conventional CaPO 4 transfection methods leads to a large increase in transfection efficiency in comparison to control transfections lacking the Maximizer. Moreover, in addition to increasing the number of transfected cells, the use of the CalPhos Maximizer also decreases the transfection time to as little as 2 h for optimal detection of expressed genes. The shorter transfection interval provided by the CalPhos Maximizer not only decreases the time required to assess gene expression, but also minimizes toxic effects due to prolonged interaction of the CaPO 4 -DNA complex with the cell surface. Testing the reagent with various procedures has shown that the CalPhos Maximizer is generally effective in improving CaPO 4 transfections, regardless of the specific protocol used. Taken together, these results illustrate the utility of the CalPhos Maximizer as a general-purpose reagent for investigators currently using CaPO 4 transfection systems.
MATERIALS AND METHODS

Cell Culture and Supplements
CHO-K1 cells were cultured in Ham's F-12 medium supplemented with 10% fetal bovine serum (FBS). Cells from the 293 cell line were cultured in minimum essential medium (MEM) supplemented with 10% heat-inactivated horse serum. Other cells were cultured in Dulbecco's modified Eagle medium (DMEM) supplemented with 10% FBS. All cell lines used in the studies were obtained from ATCC (Rockville, MD, USA). All media, serum and other tissue culture supplements were purchased from Life Technologies (Gaithersburg, MD, USA). Media for all cultures routinely included 100 U/mL of penicillin and 100 µ g/mL of streptomycin. Cultures were maintained at 37°C with 5% CO 2 /95% air.
Transfection Reagents
CalPhos Maximizer and the Maximize r ™ Transfection System are available from CLONTECH Laboratories (Palo Alto, CA, USA). Other CaPO 4 transfection kits were purchased from three other vendors and used for comparative studies. Transfections using these kits were performed according to manufacturers' instructions.
Transfections
Transfections were performed using duplicate cultures by seeding 1 × 10 5 cells per well in 12-well tissue culture plates one day prior to the transfections in the appropriate medium supplemented with serum. The cultures were 60%-80% confluent at the time of transfection. Cells were transfected with 1.5 µ g plasmid DNA by using the indicated CaPO 4 transfection method, in the presence or absence of the CalPhos Maximizer. For transfections including the CalPhos Maximizer, the plasmid DNA was mixed with the Maximizer solution prior to incubation with the calcium and phosphate solutions. Transfections were performed in complete medium containVol. 21, No. 5 (1996) BioTechniques 941 ing 10% FBS for 2 h unless otherwise indicated. The medium was replaced with fresh complete medium, and gene expression was assayed 24-48 h posttransfection.
Plasmid Vectors and Assays
In most experiments, we used a modified form of the pSEAP-Control expression vector (CLONTECH) as a reporter to evaluate the effects of the CalPhos Maximizer on CaPO 4 transfections. The pSEAP-Control vector used in these studies was altered to increase expression levels in mammalian cells by removal of a downstream simian virus 40 (SV40) intron and by modification of the SEAP translation start site. The modified pSEAP-Control vector contains a secreted alkaline phosphatase (SEAP; Reference 3) gene under the control of the SV40 early promoter/enhancer unit. For transfection experiments, the relative efficiency of transfections was assessed by measuring SEAP activity in the culture medium using a chemiluminescent detection method (11, 12) .
For the experiment shown in Figure 1 , we transfected the pCMVβ expression vector (CLONTECH), which encodes the E. coli lacZgene driven by the human cytomegalovirus (CMV) immediate early promoter. The pCMVβ transfections were used for in situ detection of β -galactosidase expression with the 5-bromo-4-chloro-3-indolyl-β -D -galactoside (X-gal) substrate using standard techniques. Briefly, the cells were transfected with pCMVβ for 2 h using the companion Maximizer transfection system (CLONTECH) in conjunction with various concentrations of the CalPhos Maximizer. Following a 48-h incubation, the cells were rinsed in phosphate-buffered saline (PBS), fixed in 2% formaldehyde and 0.2% glutaraldehyde in PBS, rinsed 2 times with PBS, and stained for 2 h with 0.1% X-gal in PBS containing 5 mM potassium ferricyanide and 2 mM MgCl 2 . The cells were photographed using a 10 × objective on a Nikon inverted microscope (Melville, NY, USA).
RESULTS AND DISCUSSION
Improvement of CaPO 4 Transfection by the CalPhos Maximizer
To determine the concentration of the CalPhos Maximizer required for maximal transfection efficiency (a 2-h transfection time was found optimal, see Figure 3 ), we performed CaPO 4 transfections with various amounts of this reagent in conjunction with the Maximizer transfection system. Transfection efficiency was quantified by assaying for the secreted alkaline phosphatase (SEAP) reporter protein in the conditioned media of transiently transfected cells. (1,12) . However, the reporter protein activity assayed in conditioned medium or cellular extracts of transfected cells provides a somewhat indirect measurement of the efficiency of gene transfer. In situ reporter assays allow visualization of cells expressing specific gene products, and thus provide direct information regarding the actual percentage of cells expressing the exogenous gene encoded by the transfected vector. Such in situ detection also provides information on the cell-type specificity for gene expression. To better estimate the transfection efficiency obtained using the CalPhos Maximizer transfection system, we transfected cells with the pCMVβ expression vector encoding the bacterial lacZreporter gene. In situ staining for β -galactosidase shows that various concentrations (20-80 µ g/mL) of the CalPhos Maximizer increases transfection efficiency of BHK-21 cells significantly in comparison to similar transfection in the absence of the Maximizer. Figure 1 illustrates a representative microscopic field at low magnification. We observe that greater than 70% of the cells stain positive for expression of β -galactosidase with transfections done in the presence of 40 µ g/mL of the CalPhos Maximizer. There were 
Compatibility of the CalPhos Maximizer with Other Calcium Phosphate Transfection Methods
To evaluate whether the CalPhos Maximizer is compatible with other CaPO 4 transfection procedures, we tested the effect of the Maximizer on CaPO 4 systems from various commercial sources. For each of the transfections we performed, we followed the individual manufacturer's instructions. For transfections using the CalPhos Maximizer, we simply added the Maximizer to plasmid DNA solution prior to the incubation with calcium and phosphate solutions. We observed a 16-fold to 26-fold increase in transfection activity when the CalPhos Maximizer was added to three different commercial kits (Figure 2 ). Moreover, regardless of when we added the Maximizer, e.g., mixed with plasmid DNA, with calcium solution or with phosphate buffer, or added after the CaPO 4 precipitate was formed, we observed significantly higher transfection activity in comparison to the transfections in the absence of the Maximizer (data not shown). These results indicate that the CalPhos Maximizer increases the efficiency of various CaPO 4 transfection systems, with no need to modify the transfection procedures as suggested by the manufacturers. We conclude that the CalPhos Maximizer is compatible with, and increases the performance of, commonly used CaPO 4 transfection systems.
Time Requirement for Maximal Transfection Efficiency Using CalPhos Maximizer Transfection System
Conventional CaPO 4 transfection methods generally require 6-16 h for optimal transfection efficiency. Since the CalPhos Maximizer facilitates the uptake of DNA into cultured mammalian cells, we asked whether shorter transfection intervals can be used to obtain optimal transfection efficiency. Time-dependent transfections were performed in BHK-21 and neuroblastoma 2A (N2A) cells using various transfection intervals as indicated. Remarkably, we found that as little as 2 h transfection time is sufficient for maximal transfection efficiency in each cell line (Figure 3 ). These results demonstrate that CaPO 4 transfections using the CalPhos Maximizer reduce transfection times to as little as 2 h with no loss in efficiency. The potential for shorter transfection times to obtain optimal transfection efficiency provides researchers with significant time flexibility and convenience, in addition to minimizing toxic effects due to prolonged exposure to the CaPO 4 -DNA complex. Collectively, our results demonstrate that the CalPhos Maximizer significantly increases the performance of CaPO 4 transfection procedures, and, therefore, provides a powerful system for high efficiency transfection of mammalian cells.
